A theoretical study was conducted of the size dependence of the blocking temperature of a system of interacting core/shell nanoparticles. A method for estimating the blocking temperature of interacting core/shell nanoparticles is presented, which allows to be calculated more correctly than using the "Neel relation". It was shown that together with an increase in the intensity of the magnetostatic interaction (concentration of nanoparticles) the blocking temperature increases, while the growth of the external magnetic field leads to the opposite effect. Moreover, the of large nanoparticles changes more significantly. A comparison of different methods for determining the blocking temperature from the ZFC and FC curves showed that the method for determining using the temperature derivative of the difference between ZFC and FC is more preferable.
Introduction
The use of magnetic nanoparticles in various engineering, chemical, medical, and other technologies [for example, see ref. 1] initiated a study of the influence of the geometric, structural, and morphological properties of nanoparticles on their hysteretic characteristics and blocking temperature . In contrast to the coercive force , saturation magnetization , remanent saturation magnetization , and the bias field characterizing the magnetization curve, the blocking temperature is a characteristic of the nonequilibrium (relaxation) behavior of a system of magnetic nanoparticles. It can be defined as the temperature above which the system of magnetic nanoparticles behaves like a paramagnetic gas, a superparamagnetic state passes. Moreover, at temperatures above blocking ( ≥ ), up to the critical temperature of the magnetic phase transition , the magnetization curve becomes reversible: = 0 and = 0. The transition to the superparamagnetic state is associated with the superiority of the energy of thermal fluctuations over the energy of potential barriers ∆ , which separate the equilibrium states of the magnetic moments of nanoparticles ( > ∆ ).
The temperature of the blocking temperature of the nanoparticle system is usually estimated using the relation:
which follows from the expression for the relaxation time τ of a system of single-phase (having a single magnetic phase) uniaxial single-domain particles with a volume V and an effective anisotropy constant [2, 3] . In (1), it is assumed that the frequency factor 0 ≈ 10 10 s -1 and the relaxation time is equal to the measurement time . Some authors (see, for example, [4] [5] [6] [7] [8] [9] ) use relation (1) to calculate or effective anisotropy constant and in the case of two-phase (core/shell) nanoparticles, which, as will be shown below, is completely incorrect. Note that incorrect application of (1) is associated with a multitude of relaxation times due to the spectrum of magnetic states of the magnetic moment and potential barriers separating them in a heterophase particle.
Experimentally, the average blocking temperature 〈 〉 is determined in various ways, by:
• the point of separation of the ZFC curve from FC [10] [11] [12] , • the maximum of the ZFC curve [5, 10, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , • the maximum derivative of the difference between the curves FC (T) -ZFC (T) [9, 10, [23] [24] [25] [26] , • the maximum derivative of the thermo-remanent magnetization TRM (T) [9] , • the maximum derivative of the remanent magnetization MR (T) [27] • the maximum temperature dependence of the real part of the magnetic susceptibility [3, 28] .
• Mössbauer spectra comparison [4, 5, [29] [30] [31] In this paper, in the framework of the theory of interacting core/shell nanoparticles [32] , a simulation of the dependence of the blocking temperature on the sizes of nanoparticles, their magnetostatic interaction (concentration), and external magnetic field, is presented. A theoretical comparison of the main methods for determining the blocking temperature from the FC and ZFC curves is made, and the correct method for calculating the of the core/shell nanoparticle system is proposed.
Magnetization of a system of core/shell nanoparticles
Let us consider a system of N interacting core/shell nanoparticles uniformly distributed over the volume 0 . We assume that nanoparticles of volume V having the shape of elongated ellipsoids are distributed over sizes a with probability ( ) . In the approximation of the model described in detail in [32] , the magnetization of the system of nanoparticles is determined by the following relation:
Here с = 0 ⁄ is the volume concentration of core / shell nanoparticles, ℳ (1) and ℳ (2) are the spontaneous magnetizations of the shell and core of the nanoparticle, respectively, and = ⁄ are the volume and relative volume nuclei, respectively, (ℎ) is distribution density over random interaction fields h, which is described in [32, 33] , ( , , ℎ) are the populations of four magnetic states of nanoparticles, and in the first state the magnetic moments of the core and shell are oriented in parallel (↑↑), in the second -antiparallel ( ↑↓), and in the third and fourth orientation of magnetic moments is inverse to the first two: (↓↓) and (↓↑) respectively. According to [32] , the populations are determined using matrix exponent
) , 
Blocking temperature of core/shell nanoparticles
According to [2, 3] when estimating the blocking temperature of single-phase (having one magnetic phase) single-domain particles with volume V, we use the expression for the relaxation time τ, which is expressed in terms of the frequencies of transitions from one equilibrium state of the particle to another: 1/ ( ) = 12 ( ) + 21 ( ) , where ( 21 )is a potential barrier to the transition from 1-st (2-nd) to 2-nd (1-st) state.
Two-phase (core-shell) nanoparticles, unlike single-phase ones, can be in one of four (six or eight) magnetic states [32] . Therefore, the relaxation times of nanoparticles are determined by the matrix of frequencies of transitions from the i-th state to the k-th state:
The spectrum of relaxation times core-shell nanoparticles is expressed in terms of the eigenvalues of the transition matrix
which are the inverse times of the transition from one state to another | | = 1/ .
To estimate the time of transition to the equilibrium state, we will use the maximum of them, = , realizing that transitions with shorter relaxation times are already completed. Then, to estimate the blocking temperature of interacting nanoparticles with size a, we can use the relation
That is, we will relate the relaxation time to "blocked" nanoparticles, which is equal to (or more) the measurement time .
In real systems, nanoparticles are distributed over sizes a and fields of the magnetostatic interaction h; therefore, in what follows, to calculate the blocking temperature, we will use relation (6) averaged over a and h:
Selection of the modeling parameters
For comparison with experimental data [8] , the calculations used the geometric characteristics of core/shell Zn0.5Mn0.5Fe2O4/Fe3O4 nanoparticles studied in detail in [8] . When integrating expression (2), the law of the lognormal distribution of nanoparticle sizes a was used:
with the mean size 〈 〉 and dispersion given in [8] (see Table 1 ). In addition, we took into account the dependence of spontaneous magnetization and crystallographic anisotropy of Zn0.5Mn0.5Fe2O4 ferrite and magnetite on their size and temperature. So the spontaneous magnetizations of magnetite and ZnMn ferrite were estimated using the relations: is the room temperature.
The dependence of the Curie temperature on the size of magnetite nanoparticles was determined as follows: [39] , was taken as a model parameter and was chosen so as to bring the calculated value of the blocking temperature closer to one of the experimental ones. It turned out that = 0.15 erg/cm 2 .
Results

Calculation of blocking temperature using the relaxation time
In this section, we study the dependence of the blocking temperature on the sizes of core/shell nanoparticles a, the intensity of their dipole-dipole interaction (concentration of nanoparticles c), and the external magnetic field H. The blocking temperature of core/shell nanoparticles Zn0.5Mn0.5Fe2O4/Fe3O4 was calculated using the expression (7).
Modeling the size dependence of the blocking temperature
The dependence of the blocking temperature of a system of noninteracting nanoparticles on their sizes a is shown in Fig. 1 . For comparison, a similar dependence of the blocking temperature of magnetite nanoparticles is given. As one would expect, in the region of large sizes of core-shell nanoparticles and magnetite particles coincide. In the size range from 8 nm to 13 nm, the blocking temperature varies nonmonotonously (see the inset in Fig. 1 ). This is due to the peculiarities of the dependence of the potential barriers of nanoparticles Zn0.5Mn0.5Fe2O4/Fe3O4 on their sizes (see Fig. 2 ).
Magnetization of nanoparticles (transition to equilibrium states) is mainly determined by potential barriers of the smallest height. The results of calculations of carried out using the relations described in Appendix II of [32] are presented in Fig. 3 . It can be seen from the figures that in the range of sizes (10 -11.5) nm, the magnetization of the system of nanoparticles (transition to the first state in which the magnetic moments of the core and shell are parallel) is due to transitions from the fourth state to the first, since 41 ≤ 21 , 31 . 
At
> 11,5 nm, the magnetization is determined by 21 barriers, which change nonmonotonically with increasing nanoparticle size, reaching a minimum at ≈ 13 nm, which leads to a nonmonotonic change in the blocking temperature.
Note that in [32] , the dependence of the blocking temperature on the size of nanoparticles a varies according to the law ( )~ 3 . Such a dependence ( ) was obtained using relation (1) under the assumption that the effective anisotropy constant does not change with increasing temperature. This approximation is not true. The temperature dependence of the anisotropy constant also leads to a deviation from the law ( )~ 3 (see Fig. 1 ).
The dependence of the blocking temperature on the external field
Measurement of the blocking temperature from the characteristic temperature dependence of a particular magnetization involves specifying a certain value of the external magnetic field H. This field, changing potential barriers separating the equilibrium states of nanoparticles, can also change . In fig. Figure 3 shows the dependence of the blocking temperature on the H of a system of noninteracting nanoparticles Zn0.5Mn0.5Fe2O4/Fe3O4. A decrease in the temperature of blocking the system of nanoparticles with an increase in the magnetic field is associated with a decrease in the barriers of the smallest height. The result obtained is in good agreement with experimental data [5, 21, 24] .
Effect of magnetostatic interaction on blocking temperature
The results of modeling the effect of the magnetostatic interaction of Zn0.5Mn0.5Fe2O4/Fe3O4 nanoparticles on their blocking temperature are presented in Fig. 4 . As the calculation shows, an increase in the interaction intensity (concentration of nanoparticles c) leads to an increase in , which is consistent with the results of experimental [5, 11, 13, 38] and theoretical [13, 16, 17, 38, 40, 41] studies. An increase in the blocking temperature with an increase in the concentration of nanoparticles is associated with an increase in the randomization of their magnetic moments [32, 38, 42] . Note that, like in [41] , the blocking temperature of large particles ( = 40 nm) increases more than in the system of smaller nanoparticles ( = 10 nm). For example, at a very high concentration of nanoparticles ( = 0.5), of interacting particles changes by 4%, 9%, and 19% compared to of non-interacting particles for particles of 10 nm, 20 nm, and 40 nm, respectively. The noted feature of the behavior of is due to an increase in the magnetic moments of the particles (~3).
Calculation of blocking temperature using FC and ZFC curves
The results of modeling the FC and ZFC curves of a system of noninteracting nanoparticles Zn0.5Mn0.5Fe2O4/Fe3O4 of various sizes are presented in Fig. 5 . Here, the distribution functions for blocking temperatures are showed, which were determined using the relation: As expected, with increasing nanoparticle size, the FC-ZFC curves and the corresponding distribution functions ( ) shift to higher temperatures. Thus, the blocking temperatures of ensembles of nanoparticles with average sizes 〈 〉 = 10 nm and 20 nm determined by the point of deviation of the ZFC curve from FC, (1 ) , from the maximum of the ZFC curve, (max ) and from the maximum the distribution functions ( ), (div ) , are (1 ) = 229 K and 327 K, (max ) = 204 K and 327 K (ZFC curve maximum coincides with split point (1 ) ), (div ) = 146 K and 209 K, respectively. Note that the blocking temperature values calculated for a system of non-interacting nanoparticles of the above sizes using relation (6) = 144 K and 206 K are closer to (div ) .
For comparison with experiment [8] , we used various methods to calculate blocking temperatures. The calculation results for (1 ) , (max ) , (div ) are presented in Table. 2. The table
contains the values of obtained using relation (6) for noninteracting particles, as well as the experimental values of (exp ) [8] . Comparing the methods for calculating the blocking temperature (see Table 2 ), it is easy to see that the most accurate method is based on differentiating the difference between ZFC and FC magnetizations. The authors of [10] came to a similar conclusion who carried out theoretical and experimental modeling of various methods for determining for single-domain magnetite nanoparticles.
Conclusion
On the basis of the model of two-phase interacting particles, a method has been developed to estimate the blocking temperature core/shell of nanoparticles based on the calculation of the eigenvalues of the transition matrix. The incorrectness of the estimation of core/shell nanoparticles using the Neel relation was shown.
The size dependence of the blocking temperature of the core/shell nanoparticle system is studied. The "anomalous" dependence of on the sizes of core/shell nanoparticles Zn0.5Mn0.5Fe2O4/Fe3O4 experimentally studied in [8] was simulated. It turned out that a decrease in the blocking temperature with increasing size is associated with a decrease in the height of the main potential barriers separating the magnetic states of Zn0.5Mn0.5Fe2O4/Fe3O4 nanoparticles.
The calculation of the dependence of on the external field H confirmed the decrease in the blocking temperature with increasing H obtained by various authors [5, 21, 24] .
Modeling the effect of magnetostatic interaction on showed that an increase in the concentration of nanoparticles leads to an increase in the blocking temperature. Moreover, the of larger nanoparticles changes more significantly, which is due to higher values of magnetic moments. The results obtained are consistent with experimental and theoretical data [5, 11, 13, 16, 17, 38, 40, 41] .
From a comparison of different methods for determining the blocking temperature from the ZFC and FC curves, it follows that, as in the case of single-domain nanoparticles [10] , differential method is preferred, namely, the maximum difference between ZFC and FC magnetizations.
